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Developmental regulation of linkers
of the nucleoskeleton to the cytoskeleton
during mouse postnatal retinogenesis
David S Razafsky1, Candace L Ward1, Thorsten Kolb2, and Didier Hodzic1,*
Department of Ophthalmology and Visual Sciences; Washington University School of Medicine; St Louis, MO USA; 2Division of Molecular Genetics; German Cancer Research
Center (DKFZ); Heidelberg, Germany

Keywords: lamins, Sun proteins, nesprins, KASH domain, retinogenesis, nuclear envelope
Abbreviations: CPs, cone photoreceptors; RPs, rod photoreceptors; HCs, horizontal cells; BPs, bipolar cells; ACs, amacrine cells;
RGC, retinal ganglion cells; RPCs, retinal progenitor cells; ONL, outer nuclear layer; INL, inner nuclear layer; OPL, outer
plexiform layer; IPL, inner plexiform layer; GCL, ganglion cell layer; NBL, neuroblast layer; LINC, linkers of the nucleoskeleton
to the cytoskeleton; NE, nuclear envelope; PNS, perinuclear space; KASH, Klarsicht/Anc-1, Syne Homology; SUN, Sad1/
Unc84; Nesprins, nuclear envelope spectrins; CNS, central nervous system; IKNM, interkinetic nuclear migration; ISH, in situ
hybridization; IF, immunofluorescence; PCR, polymerase chain reaction

Sun proteins and nesprins are two families of proteins whose direct interactions across the nuclear envelope provide
for the core of linkers of the nucleoskeleton to the cytoskeleton (LINC complexes) that physically connect the nucleus
interior to cytoskeletal networks. Whereas LINC complexes play essential roles in nuclear migration anchorage and
underlie normal CNS development, the developmental regulation of their composition remains largely unknown. In this
study, we examined the spatiotemporal expression of lamins, Sun proteins and nesprins during postnatal mouse retinal
development. Whereas retinal precursor cells mostly express B-type lamins, Sun1 and high molecular weight isoforms of
Nesprins, post-mitotic retinal cells are characterized by a drastic downregulation of the latter, the expression of A-type
lamins and the strong induction of a specific isoform of Nesprin1 late in retinal development. Importantly, our results
emphasize different spatiotemporal expression for Nesprin1 and Nesprin2 and further suggest an important role for
KASH-less isoforms of Nesprin1 in the CNS. In conclusion, the transition from retinal precursor cells undergoing interkinetic
nuclear migration to post-mitotic retinal cells undergoing nuclear translocation and/or anchorage is accompanied by a
profound remodeling of LINC complexes composition. This remodeling may reflect different requirements of nuclear
dynamics at different stages of CNS development.

Introduction
Many CNS tissues are organized into various numbers of nuclear
layers separated by regions of synaptic connections. CNS lamination is well illustrated by the organization of the mammalian retina that is composed of three layers of nuclei: the outer and inner
nuclear layers (ONL and INL, respectively) and the ganglion cell
layer (GCL). The ONL contains nuclei of photosensitive rods
and cones while the INL consists of horizontal, bipolar, amacrine
and Müller cells, the latter providing for the retinal glia. The
GCL is composed of retinal ganglion cells (RGCs) whose axons’
bundling form the optic nerve that relays visual cues to higher
brain processing centers. The outer and inner plexiform layers
(OPL and IPL, respectively) correspond to synaptic contact zones
between photoreceptors and second order neurons and between
second order neurons and the GCL, respectively. During differentiation, a complex combination of intrinsic and extrinsic

cues ultimately results in the determination of retinal cells fates
(reviewed in ref. 1). The first peak of differentiation in the retina
is initiated at ~E11.5 and includes the overlapping birth of RGC,
amacrine, horizontal and cone precursor cells. The second wave
of differentiation is initiated within the first postnatal week and
gives rise to rods, bipolar cells, and Müller glia.2
Proper CNS lamination requires specific types of nuclear
movements during the proliferative and post-mitotic phases of
retinal development. The first type of nuclear movement is interkinetic nuclear migration (IKNM) that consists of cell cycledependent oscillations of nuclei within the cytoplasm of retinal
progenitor cells (RPCs).1,3-5 Because nuclei migrate basally during G1 and apically during G2, mitoses take place on the apical
side whereas S-phase is initiated on the basal side of neuroepithelia. The second type of nuclear movement associated with CNS
development is nuclear translocation. In the developing brain, the
latter consist of saltatory nuclear movements within post-mitotic
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migrating precursors.6 Failure of nuclear translocation within
neuronal precursor cells underlies lissencephalies, a variety of
severe brain developmental defects characterized by abnormal
cortical lamination.7 Whereas the role of nuclear translocation is
still poorly understood in retinal lamination, severe ocular defects
that accompany different types of lissencephalies strongly suggest
that nuclear translocation is also essential to retinal lamination.8
This is further supported by dramatic bidirectional post-mitotic
migration during retinogenesis.9-12 For example, from P4 to P11,
cone nuclei are scattered at variable positions within the apical
two-thirds of the developing ONL before migrating toward the
apical edge of the ONL.9 Likewise, at ~E14.5 horizontal cell
(HC) precursors migrate basally toward the developing GCL,
overshooting their presumptive position within the neuroblast
layer (NBL) before migrating apically to reach their final laminar
position on the apical side of the INL.10-12
It is now well established that cytoskeletal and nuclear envelope (NE) proteins play a central role in nuclear migration
and anchorage.13-16 The NE is composed of an inner and outer
nuclear membrane (INM and ONM, respectively) that connect
at nuclear pores and delineate the perinuclear space (PNS). The
ONM is an extension of the rough ER and the INM adheres to
the nuclear lamina that is composed of A- and B-type lamins.17-19
Linkers of the nucleoskeleton to the cytoskeleton (LINC complexes) are large macromolecular scaffolds that span the NE and
connect the nuclear lamina to components of the cytoplasmic
cytoskeleton.19-21 The backbone of LINC complexes consists of
interactions between two families of transmembrane proteins:
Sun proteins (Sad1/Unc84) and nesprins (nuclear envelope spectrins, also known as Syne proteins for synaptic nuclear envelope
protein). In mammals, Sun1 and Sun2, which are encoded by
two distinct genes, are integral transmembrane proteins of the
INM whose N-terminal nucleoplasmic region interacts directly
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with nuclear lamins.22-24 Within the PNS, the highly conserved
C-terminal SUN domain interacts directly with the evolutionary-conserved KASH (Klarsicht/Anc-1, Syne homology) domain
located at the C-terminus of nesprins. Nesprin proteins are integral transmembrane proteins of the ONM whose cytoplasmic
regions range from ~50 kDa to ~1 MDa and interact with a variety of cytoskeletal elements and molecular motors.25-29
Evidence from several species suggests that an evolutionaryconserved “molecular axis” consisting of lamins/Sun proteins/
nesprins/cytoplasmic cytoskeletal elements regulates nuclear
movement and anchorage.13,21 For example, in D. melanogaster,
the migration of photoreceptor precursor nuclei is similarly altered
by the mutation of LaminDm0 (B-type lamin), klaroid (SUN),
Klarsicht (KASH) or the glued subunit of dynactin.30-33 Likewise
in zebrafish, either the overexpression of p50/dynamitin, which
dissociates the dynactin complex, or the overexpression of the
KASH domain, which interferes with endogenous LINC complex
assembly in a dominant-negative manner, lead to mispositioning
of photoreceptor nuclei.34 Finally, we and others have shown in
complementary mouse models that SUN-KASH interactions play
an important role in the migratory behavior of cone photoreceptor
nuclei.13,14 Despite this wealth of information, the developmental
regulation of LINC complexes components remains poorly characterized. In the current study, we have characterized the spatiotemporal expression pattern of A- and B-type lamins, Sun1 and 2,
as well as nesprin1 and 2 during postnatal retinal development.
Our results indicate that the composition of LINC complexes varies tremendously in a developmental and cell type-specific manner.
Results
Expression pattern of lamins in the developing retina. To investigate the regulation of A- and B-type lamins during retinal
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Figure 1. B-type lamins are ubiquitously and homogenously expressed in the developing retina. Immunolocalization of LaminB1 (A) and LaminB2 (B)
in P2 (top) and P26 (bottom) retinas counterstained with DRAQ5. Scale bars: 25μm.

development, we examined postnatal and adult mice retinas using
antibodies against LaminA/C, LaminA, LaminC, LaminB1 and
LaminB2. LaminB1 and LaminB2 were homogenously detected
as typical nuclear rims in all retinal cells within P2 and P26
retinas (Fig. 1A and B). Interestingly, dotted patterns were also
observed within the IPL and at photoreceptor synapses using
two distinct antisera directed against the C-terminal region of
LaminB1 (Fig. 1A, bottom panels and data not shown). None of
these features were observed in adult retinas with the anti-LaminB2 serum (Fig. 1B). At P2, A-type lamins were mostly detected
in a subpopulation of nuclei on the basal side of the NBL and in
all GCL nuclei (Fig. 2A, upper panel and insets). By P12, retinal
ganglion cells (RGCs, in the GCL), horizontal cells (HCs, on the
apical side of the INL) and amacrine cells (ACs, on the basal side
of the INL) displayed a significant enrichment of A-type lamins
by comparison to other retinal neurons (Fig. 2A, middle panel).
In adult retinas, A-type lamin expression persisted in RGCs and
HCs (Fig. 2A) as well as in a subset of cells at the apical side of
the ONL (Fig. 2A, lower panel). As indicated by their costaining with a cone arrestin antiserum (data not shown), these cells
correspond to cone photoreceptors (CPs). Antibodies that specifically target either LaminA or LaminC were used to determine whether both isoforms are coexpressed in retinal neurons.
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Figure 2B shows that RGCs, HCs and ACs coexpressed LaminA
and LaminC. By contrast, LaminC was specifically detected in
CPs and a subset of bipolar cells (BCs, Fig. 2B). The specificity of
anti A-type lamin antibodies was confirmed by the absence of any
comparable signal in the ONL and INL from retina of lmna−/−
mice35 (data not shown). It is noteworthy, however, that a much
reduced but reproducible nuclear rim signal was still observed in
the GCL of lmna−/− retinas with these antibodies. The origin of
this signal is unclear but could correspond to the residual A-type
lamin protein recently reported in that mouse model.36 Taken
together, and in agreement with the developmental regulation of
lamins in other tissues,37,38 these experiments indicate that B-type
lamins are ubiquitously expressed in all RPCs and post-mitotic
retinal cells whereas A-type lamins expression appears to be triggered upon exit from the cell cycle in a subset of retinal cell types.
Expression pattern of Sun proteins in the developing retina.
P2 and P26 retinas were stained with an affinity-purified antiserum against Sun1. Sun1 nuclear rims were detected in the NBL
and RGCs in P2 retinas (Fig. 3A, upper panel). Expression was
maintained throughout all retinal cells at P12 (not shown). In
the adult retina, Sun1 expression was detected in all retinal cells
but rod photoreceptors (RPs, Fig. 3A, lower panel). Similarly to
A-type lamins (Fig. 2A), CPs and HCs were relatively enriched
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Figure 2. A-type lamins are expressed in specific post-mitotic retinal cell types. (A) Immunolocalization of LaminA/C in P2 (top), P12 (middle) and P26
(bottom) mouse retinas. (B) Coimmunolocalization of LaminA and LaminC in adult retina. Arrows point to cone photoreceptor nuclei and arrowheads
to horizontal cell nuclei. Scale bars: 25 μm, insets: 10 μm.
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the intensity of the Δ7 and Δ8,9 bands
remained roughly constant during retinal development, the abundance of FL
transcripts progressively decreased.
This decrease was accompanied by a
significant increase in Δ7,9 and Δ7,8,9
transcripts. These results indicate that
splicing of the nucleoplasmic domain of
Sun1 is developmentally regulated during retinogenesis and that the expression
of spliced isoforms of Sun1 transcripts
prevails in the adult retina.
Whereas Sun1 expression was
detected during early postnatal retinal
development and in all retinal cells but
RPs, Sun2 expression appeared more
restricted. Faint Sun2 nuclear rims
were detected in RGCs at P2 and P12
(not shown). In adult retinas, Sun2 was
strongly expressed in RGCs, in ACs
on the basal side of the INL and to a
lesser extent in CPs (Fig. 4A). Because
Sun2 could not be detected in the NBL
using IF, we performed in situ hybridization (ISH) using Sun2 specific probes
(Fig. 4B). Sun2 transcripts were clearly
detected in the NBL at P2. At P12,
Sun2 transcripts were mostly detected
in the INL and to a lesser extent within
the developing ONL. In adult retina,
Sun2 mRNA was mostly detected in
the INL as well as in a few sparse cells
of the ONL that may correspond to the
Figure 3. Expression pattern of Sun1 in the developing retina. (A) Immunolocalization of Sun1 in
weak Sun2 rims observed in IF in CPs
P2 (top) and P26 (bottom) retinas counterstained with DRAQ5. Scale bars: 25μm. (B) P26 retinas
(Fig. 4A).
costained with LaminA/C and Sun1 and counterstained with DAPI. Scale bars: 10μm. (C) The alternative splicing of exons encoding the nucleoplasmic region of Sun1 is modulated during retinal
Because of the complexity of the
development. RT-PCR of P2, P12, and P26 retina total RNA. Alternatively spliced isoforms of Sun1
alternative splicing of the nucleoplastranscripts and primer locations (black arrows) are depicted on the right. Cones and horizontal cells
mic region of Sun1, we also examined
are marked with arrows and arrowheads, respectively.
the alternative splicing status of exons
encoding the nucleoplasmic region of
in Sun1. Accordingly, both cell types could be co-stained with Sun2. Except for the alternative splicing of exon5, Sun2 tranA-type lamin and Sun1 antisera (Fig. 3B). The specificity of the scripts were represented by the full assortment of exons encoding
affinity purified anti-Sun1 antibody was verified in adult Sun1−/− its nucleoplasmic region (Fig. 4C).
mice retinas where nuclear typical Sun1 nuclear rims were absent
Together, these results indicate that Sun1 and Sun2 are dif(data not shown). The alternative splicing of a subset of exons ferentially expressed in adult retinal cell populations and that the
encoding part of the nucleoplasmic region has been reported in nucleoplasmic region of Sun1 displays a relatively complex alterSun1 transcripts.39 To determine the status of this splicing event native splicing pattern relative to Sun2.
during retinal development, a region of Sun1 encompassing exons
Expression of nesprins in the developing retina. To character2–13 was amplified by RT-PCR. As shown in Figure 3C, a com- ize the expression of nesprins during retinal development, a new
plex amplification pattern of at least six distinct alternatively antiserum was raised against an 882-amino-acid epitope located
spliced Sun1 transcripts was observed. Cloning and sequencing just upstream the KASH domain (residues 2047 to 2928 of
allowed for the identification of the nature of these splicing events RefSeq NP_ 001073154.1) and encompassing the five C-terminal
(Fig. 3C). At P2, the predominant transcripts were represented spectrin repeats of nesprin1 (see Materials and Methods). This
by FL, Δ7 and Δ8,9. Note that because Δ7 and Δ8,9 amplicons antiserum did not display any clear NE staining at P2 (data not
differs by only 15 bp (767 bp and 782 bp, respectively), they are shown). In P26 retinas, nuclear rims could be observed in the
indistinguishable by gel electrophoresis. Interestingly, whereas GCL and the INL (Fig. 5A). ISH using probes designed against
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Figure 4. Expression pattern of Sun2 in the developing retina. (A) Typical Sun2 immunostaining pattern of RGC, amacrine and cones nuclei in
P26 retina. Scale bars: 25μm, 5μm in inset. (B) In situ hybridization of P2
(left), P12 (middle) and P26 (right) retinas. Scale bars: 25μm. (C) Exon5,
encoding a stretch of the nucleoplasmic region of Sun2, is alternatively
spliced in retina.

a region that encodes the C-terminal end of the protein (Fig. 6B,
left panel). In adult retinas, nesprin2 expression at the NE was
detectable in the GCL and a subset of nuclei in the basal half of the
INL (presumably ACs) but was absent in the ONL (Fig. 6A, lower
panel). Western blots of P2, P12 and P26 lysates revealed that P2
retinas revealed the presence of high molecular weight immunoreactive nesprin2 bands that were subsequently downregulated in
P12 and P26 retinas (Fig. 6C). These high molecular weight proteins most likely include the giant isoforms of nesprin2.41,42 Bands
whose size ranged from 150 kDa up until the molecular weight
of the giant isoform may either correspond to specific nesprin2
isoforms of intermediate molecular weight or to degradation products of the giant isoform.41,42 Interestingly, whereas a significant
amount of nesprin2 mRNA was detected in the inner segment of
the photoreceptor layer in ISH (Fig. 6B, middle and right panels), we could not detect any nesprin2 nuclear rims within adult
ONL (Fig. 6A, lower panel) suggesting that these transcripts may

Nucleus

403

©2013 Landes Bioscience. Do not distribute

the C-terminal region of nesprin1 (ENSMUST00000056571
region 20 000–26 000) revealed that only basalmost cells of the
NBL and most cells of the GCL were stained at P2 (Fig. 5B). In
P12, nesprin1 mRNA labeling increased within the INL and the
GCL whereas spare dots were detected in the ONL (Fig. 5B).
In adult retinas, we observed a very dense signal both in the INL
and GCL. In the former, several “hot spots” were observed on
both the inner and outer edges of adult INL suggesting high
expression levels of nesprin1 in specific retinal subpopulations.
In an attempt to identify nesprin1 isoform(s) potentially
accounting for the mRNA induction observed in ISH, the antinesprin1 serum was used to perform immunoblots on P2, P12
and P26 retina lysates (Fig. 5C). Whereas high molecular weight
bands migrating at ~250 kDa were detected at all time-points,
P2 retinas specifically displayed immunoreactive bands of higher
molecular weight. Interestingly, the expression of a ~120 kDa
immunoreactive band was strongly induced in adult retinas
(Fig. 5C). Immunoprecipitation followed by mass spectrometry identification of its tryptic peptides identified that band as
nesprin1α (Reference protein NP_071310.2), a nesprin1 isoform
of 949 amino acids (predicted MW of 109 kDa) that harbors five
spectrin repeats (Fig. 5D).
A recent study showed that the second to last exon of nesprin1
transcripts is alternatively spliced in adult mouse brain, an event
that may potentially lead to the synthesis of KASH-less isoforms
of nesprin1.40 To determine if such alternative splicing takes place
in the retina, RT-PCR reactions were performed on total RNA
extracted from P2, P12 and P26 retinas using primers hybridizing within the last and third to last exons of nesprin1.40 Two
distinct bands were amplified in RT-PCR (Fig. 5E). In agreement with the paucity of nesprin1 signal observed in ISH at
P2 (Fig. 5B), RT-PCR products amplified from P2 retina were
significantly less abundant than at P12 and P26. Cloning and
DNA sequencing confirmed the alternative splicing of the penultimate exon of nesprin1 transcripts (Fig. 5E). This splicing event
results in the early termination of the nesprin1 ORF to produce
a putative KASH-less isoform of nesprin1 with an alternative
C-terminal primary sequence (Fig. 5D). RT-PCR amplifications
performed with the same primers on total RNA from various
mouse tissues further indicated that the alternative splicing of the
penultimate exon of nesprin1 is significantly more abundant in
CNS tissues (Fig. 5F). Indeed, the typical doublet was observed
to a greater extent in brain, cerebellum and retina whereas the
unspliced nesprin1 transcript was largely predominant in heart,
skeletal muscle, liver and small intestine. Interestingly, in brain
and cerebellum, the spliced transcript was relatively more abundant than the unspliced one thereby suggesting that KASH-less
isoform(s) of nesprin1 are abundantly expressed in these tissues.
To analyze nesprin2, we used an antiserum whose epitope corresponds to 427 amino acids encompassing the two C-terminal
spectrin repeats of nesprin just upstream of the KASH domain (residues 6354 to 6780 of RefSeq NP_001005510.2). In stark contrast
with nesprin1, nesprin2 nuclear rims were detected in the NBL of
P2 retinas (Fig. 6A, top panel). That observation was further corroborated by positive ISH within the NBL using probes targeting
bases 15 000 to 20 000 of nesprin2 mRNA (NM_001005510.2),

encode nesprin2 isoforms devoid of KASH domains. Transcripts
encoding KASH-less isoforms of nesprin2 were recently shown to
be generated either through alternative splicing of exon 111/112
or through the alternative polyadenylation of nesprin2 transcripts.42 To examine alternative splicing, RT-PCR amplifications
were performed with primers p1380 and p1381 using total RNA
from different mouse tissues (Fig. 6D and G). A single band was
amplified from all tissues and contained all but exon114. RT-PCR
amplification of a larger amplicon (primers p1266/p1381, Fig. 6E
and G) also produced a single band containing all but exon114.
Because the absence of exon 114 does not alter the reading frame
of the nesprin2 gene, we conclude that, by contrast to nesprin1,
exons encoding the C-terminal region of nesprin2 are not subject
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to alternative splicing in the retina. To examine the possibility
that alternative polyadenylation may underlie the synthesis of
KASH-less isoform of nesprin2, 3' RACE PCR was performed
using primers p1380 in conjunction with a reverse anchor primer
(see Materials and Methods). A strong band of ~1200 bp was
amplified and contained the whole 3' UTR encoded by exon 116
preceded by all but exon 114. Weaker bands at ~200, 300, and
400 bp (asterisks, Fig. 6F) corresponded to non-specific amplifications products resulting from primers misannealing in this less
stringent PCR approach.
Taken together, our data indicate that nesprin1 and 2 both
undergo marked shifts in the expression pattern of their respective
isoforms during retinal development and that their spatiotemporal
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Figure 5. Expression pattern of nesprin1 in the developing retina. (A) Immunolocalization of nesprin1 in P26 retinas counterstained with DAPI.
Scale bars: 25μm. (B) In situ hybridization of P2 (left), P12 (middle) and P26 (right) mouse retinas using probes recognizing the C-terminal region of
nesprin1 mRNA. Scale bars: 25μm. (C) Immunobloting of P2, P12 and P26 retina lysates with an anti-nesprin1 antibody. Note the induction of a ~120
kDa nesprin1 species, identified as nesprin1α, in P26 retinas. Alpha-tubulin was used to control for comparable loading. (D) Primary sequence of
nesprin1α whose expression is induced in adult retina. Tryptic peptides identified by mass spectrometry are underlined. The primary sequence of the
KASH domain is in green. Amino acids encoded by the penultimate exon (-2) of nesprin1 is boxed. The alternative C-terminal stretch of amino acids of
KASH-less nesprin1 is in red. (E) Identification of transcripts encoding KASH-less nesprin1. RT-PCR on total RNA extracted from P2, P12, and P26 retinas.
GAPDH was used as a control for amplified RNA amount. Splicing of the penultimate exon (-2) predicts the amplification of a 283 bp product rather
than the canonical 342 bp. (F) Same experiment as in (E) performed on total RNA extracted from different mouse tissues.

expression patterns are significantly different. Indeed, whereas
nesprin2 transcripts or nuclear rims could be detected in the NBL
of P2 retinas using ISH and IF, nesprin1 expression in progenitor
cells could not be detected using either technique. Finally, whereas
our data strongly suggest that KASH-less isoforms of nesprin1 is a
significant output of the nesprin1 gene, we were unable to identify
any nesprin2 transcript that would encode KASH-less isoforms of
nesprin2 in the retina.
Discussion
In the present study, we performed immunofluorescence
microscopy, in situ hybridization, immunoblotting and PCR

www.landesbioscience.com

amplifications to get more insight into the composition of LINC
complexes during postnatal retinal development. Whereas each
technique has its own advantages, they also come with their own
drawbacks. For example, immunofluorescence microscopy allows
for excellent spatial localization of an epitope but the complete
absence of any significant signal does not permit us to formally
conclude that this epitope is not expressed. In situ hybridization,
on the other hand, allows for more reliable target recognition but
lacks the spatial precision offered by IF. Finally, immunoreactive species detected in immunobloting of dissected retina may
originate either from the neuroretina or from the retinal vasculature. Keeping these limitations in mind, the combination of these
complementary approaches allowed us to draw several important
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Figure 6. Expression pattern of nesprin2 in the developing retina. (A) P2 (top) and P26 (bottom) retinas were stained with an affinity purified nesprin2
antibody and counterstained with DRAQ5. Note the homogenous expression of nesprin2 in the NBL of P2 retinas. Scale bars: 25μm. (B) In situ hybridization on P2 (top), P12 (middle), and P26 (bottom) retinas using probes recognizing the C-terminal region of nesprin2 mRNA. Scale bars: 25μm. (C) Immunoblotting of P2, P12, and P26 retina lysates with an affinity purified anti-nesprin2 antiserum. Note the downregulation of multiple high molecular
weight bands as retinogenesis proceeds. LaminB1 was used to control for comparable loading. (D) RT-PCR amplification of nesprin2 transcripts from
total RNA extracted from the indicated mouse tissues using the p1380/p1381 primer pair. (E) Same experiment as in (D) with the p1266/p1381 primer
pair on retina total RNA. (F) 3’RACE RT-PCR performed on total RNA extracted from P2 and P26 retina using the p1380 specific forward primer and the
reverse pAnchor primer. Asterisks denote non-specific amplified bands. (G) Localization of primers used in PCR reactions relative to the C-terminal
exons of nesprin2 transcripts. Bracketing of exon 114 reflects its absence in all amplicons sequenced in this study.
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contrasts with ISH results that clearly emphasized the presence
of Sun2 transcripts across the NBL. In addition, because Yu
et al. were able to detect Sun2 within the NBL,14 either our Sun2
antiserum may not efficiently recognize Sun2 in the NBL or it
may recognize a different isoform that is not yet expressed during early retinogenesis. In adult retinas, Sun2 could be detected
within RGCs and to a lesser extent in CPs and cells located on
the basal side on the INL (most likely ACs). ISH on P26 retina
was in agreement with IF results.
Nesprin2 mRNA expression and localization at the NE of
NBL cells could readily be detected in P2 retina. By contrast,
neither nesprin1 mRNA expression nor nesprin1 protein expression at the NE could be detected in the NBL of P2 retina. These
results, in addition with similar IF findings reported by Yu
et al. using with different nesprin antibodies,14 strongly suggest
that nesprin1 and nesprin2 display very distinct spatiotemporal
expression patterns in CNS tissues. Immunoblots experiments
revealed the presence of high molecular weight isoforms of
nesprin2 in P2 retina lysates. These isoforms are subsequently
downregulated as retinogenesis proceeds. Because most retinal
cell types have reached their final laminar position by P12, our
results collectively suggest that high molecular weight isoforms of
nesprin2 interact with Sun1 to enable nuclear movements associated to early phases of retinal development. Accordingly, retina
from nesprin2 and Sun1 KO mice display early developmental
defects leading to abnormal morphological features and electroretinogram recordings in adult mice.14
In adult retina, we observed a major upregulation of nesprin1
transcripts within the INL and the GCL at later stages of retinal development. We currently hypothesize that this induction
corresponds to the spike of nesprin1α expression we observed in
immunoblots late in neurogenesis. No comparable induction of a
specific nesprin2 isoforms could be detected either by immunoblot or ISH late in neurogenesis. This set of results indicate that
retinogenesis is characterized by a shift in the qualitative expression pattern of nesprin1 and 2 isoforms. This is similar to findings
reported by Randles et al. during skeletal muscle development.49
Interestingly, despite the detection of nesprin transcripts in
the ONL of adult retinas by ISH, we could not detect any nesprin
nuclear rim in either CPs or RPs even though such rims were
detected in other populations of adult retinal cells. Rather, we
reproducibly observed a significant signal in the inner segment of
photoreceptors using either nesprin1 or 2 antibodies. Importantly,
similar observations were reported by Yu et al. using distinct antinesprin1 antibodies.14 Because transcripts that potentially encode
KASH-less isoforms of nesprins have recently been reported,42,50
the absence of nesprin rims in CPs and RPs could be explained
by the synthesis of KASH-less isoforms of nesprins in the photoreceptor layer. Because they lack the KASH domains, such
isoforms would be unable to localize to the NE. KASH-less
encoding transcripts of nesprin1 were indeed detected in the
retina and database searches further indicated that this splicing is
present in polyadenylated nesprin1 mRNAs isolated from a C57/
BL6 retina library (cDNA clone IMAGE: 5366479, GenBank
accession# BC110426.1). Taken together, these results provide
evidence that KASH-less isoforms of nesprin1 are synthesized at
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conclusions related to the composition of LINC complexes at different time points of postnatal retinal development.
Lamins form a meshwork of type-V intermediate filaments that
line the nucleoplasmic side of the INM. Here, in agreement with
previous studies,43,44 we observed that B-type lamins are homogenously expressed in retinal progenitor cells and later in all differentiated retinal cell types. By contrast, and in agreement with
recent studies,45,46 A-type lamins are expressed at various levels and
exclusively in post-mitotic cells. B-type lamins, rather than A-type
lamins, are therefore more likely to play a role in CNS development. Accordingly, lmnb1−/− and lmnb2−/− mice display severe CNS
developmental defects and die at birth whereas lmna−/− mice are
normal and indistinguishable from their heterozygous littermates
at birth.35 Interestingly, using two distinct anti-LaminB1 antibodies on WT retinas, we observed a dotted pattern that roughly
delineated the stratified synaptic zones of bipolar cells within the
IPL and the photoreceptor synapses on the apical side of the OPL.
Because LaminB2 immunoreactive species were recently identified in mitochondria of RGC axonal synapses,47 further studies
are needed to determine whether these dotted patterns in the
retina correspond to potential non-canonical variant of LaminB1.
In agreement with recent reports in rat and mouse retina,45,46 we
found that the expression of A-type lamins is heterogeneous and
variable in different neuronal types of adult retina. We further
expand upon these findings by showing that the expression of
A-type Lamins is regulated in a spatio-temporal manner in the
mouse retina. Indeed, HCs and RGCs express high levels of A-type
lamins throughout retinal development. Furthermore, CPs could
be distinguished from rods through A-type lamins expression.
Antibodies specific for either LaminA or LaminC further indicated that RGCs, HCs and ACs coexpress these isoforms whereas
CPs specifically express LaminC. Whereas we previously showed
that LINC complexes are essential for the proper localization of
cone nuclei on the apical side of adult retinas,13 the expression of
A-type lamins was dispensable. Hence, the expression of LaminC
is most likely not involved in cone nuclei positioning.
Similarly to B-type lamins, Sun1-positive nuclear rims were
detected early in retinogenesis within all cells of the NBL and
developing GCL. By contrast, Sun1 expression pattern more
closely resembled the expression pattern of A-type lamins in
adult retinas where Sun1 antibodies also preferentially decorated
the NE of CPs, HCs and RGCs. Interestingly, we observed that
exons 7 to 10, which encode the central part of the nucleoplasmic region of Sun1, are alternatively spliced and that this splicing
appears to be modulated during retinal development. Because
Sun1 isoforms putatively encoded by these transcript variants
are difficult to resolve in western blot, their synthesis remains to
be formally demonstrated. However, Sun1 enrichment in CPs,
HCs, and RGCs of adult retina raises the intriguing possibility
that individual Sun1 isoforms may fulfill cell-specific physiological roles. This concept is indeed supported by the recent identification of a Sun1 variant (Δ5–10) that is exclusively expressed
in spermatids where it plays a role in sperm head formation and
by the cell type-specific expression of different variants of Sun1
isoforms.39,48 At P2, we could not detect any Sun2 rims within
the NBL in immunofluorescence microscopy. This observation

Materials and Methods
Mice. Animal protocols used in this study adhered to the ethical and sensitive care and use of animals in research and were
approved by the Washington University School of Medicine
Animal Studies Committee (Animal Welfare Assurance Permit #
A-3381-01, protocol # 20110163). lmna+/− mice (B6.1291S1(Cg)LMNAtm1Stw/BkknJ, #009125) and Sun1+/− mice (B6;129S6Sun1tm1Mhan /J, #012715) were purchased from The Jackson
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Laboratory.35,54 Mouse colonies were maintained and genotyped
at the Mouse Genetics Core (Washington University School of
Medicine).
Preparation of mouse retinas. Mice were sacrificed via CO2
inhalation and ocular globes were immediately isolated and
rinsed in PBS. Several incisions were performed in the cornea
before incubating the whole eye in 4% paraformaldehyde (PFA)/
PBS for 1 h at 4°C, rinsed in PBS, incubated overnight in a 30%
sucrose/PBS solution and embedded in OCT compound (TissueTEK, #4583). For immunofluorescence microscopy, cryosections
(15 μm) on Superfrost Plus slides (VWR) were fixed for 10 min
in 2.5% PFA in PBS, rinsed three times in PBS, permeabilized
in 0.5% Triton X-100/PBS and incubated with primary antibodies diluted in 10% goat or donkey serum/0.5% Triton X-100 in
PBS. Alexa-conjugated secondary antibodies (Invitrogen) were
incubated in the same conditions. Following DAPI/DRAQ5
staining, slices were mounted in fluorescent mounting medium
(DAKO, #S3023). Tiled images were acquired on an Eclipse Ti
inverted fluorescence microscope (Nikon, Melville, NY, USA)
controlled by NIS Elements software using either 20× or 40×
objectives and a CoolSnap HQ2 camera (Photometrics).
Antibodies. Anti-LaminB2 (Invitrogen, #332100), antiLaminA/C (Santa Cruz Biotechnology, #SC-6215), anti-LaminB1 (Santa Cruz Biotechnology, #SC-6210), anti-cone arrestin
(Millipore, #AB15282), anti-Calbindin (Sigma, #C9848 and
Cell Signaling, #2173), were used in this study. Affinity purified- anti-mouse nesprin2, anti-human LaminC and anti-mouse
Sun2 were previously described.55-57 To generate the affinity
purified anti-mouse Sun1 antibody, total RNA of C2C12 cells
was reverse transcribed and PCR amplified using primers pairs
annealing to exons 13 and 18. PCR products were cloned into
the pcr8 gw Topo vector (Invitrogen) and sequenced. LR clonase
reactions were performed according to the manufacturer’s protocol (Invitrogen) to obtain an N-terminal GST fusion protein.
Bacterial synthesis of recombinant protein was induced using
IPTG in BL21 E. coli and proteins were extracted from inclusion
bodies in urea. Samples were separated on a superdex200 column
(GE Healthcare) and concentrated using an Amicon Ultracell
10k. Polyclonal antibodies were produced by immunizing rabbits
with the purified GST fusion proteins and affinity-purified on a
CNBr sepharose column (PRIMM Biotech). The anti-nesprin1
antibody was produced against an 882 amino acid recombinant
fusion protein located just upstream of the KASH-domain using
the same procedure as described above (no affinity purification
was performed). The monoclonal anti LaminA antibody was
generated against a synthetic peptide corresponding to amino
acids 570–588 (CSSSGDPAEY NLRSRTVLC) of human
LaminA and affinity purified. HRP- and Alexa-conjugated secondary antibodies were obtained from Santa Cruz Biotechnology
and Invitrogen, respectively.
RNA extraction and transcripts analyses. Mouse tissues were
isolated and resuspended in Trizol (Invitrogen, #15596020),
grinded with a Bullet Blender (Next Advance) and centrifuged. The
supernatants were then used for RNA purification according to the
manufacturer’s specifications. One microgram of total RNA was
reverse transcribed with Superscript II (Invitrogen, #18064014)
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least in photoreceptors where they may play a physiological role
beyond the NE. It is possible that this alternative splicing leading
to the synthesis of KASH-less isoforms of nesprins may be evolutionary conserved; indeed, similar alternative splicing events of
Klar, a D. melanogaster nesprin ortholog, lead to the synthesis
of a KASH-less isoform thereof.51 This isoform (Klarβ) mediates embryonic lipid droplets movement by contrast to KASHcontaining isoforms (Klarα) that mediate photoreceptor nuclear
movements.31,51,52
We found that the splicing of the penultimate exon of nesprin1
transcripts is much more frequent in retina, brain and cerebellum than in non-CNS tissues further suggesting that KASHless isoforms of nesprin1 play important roles in CNS tissues. In
humans, mutations of nesprin1 are linked to autosomal recessive cerebellar ataxia type1 (ARCA1).53 Hence, the molecular
etiology of this pathology could potentially originate from the
effect these mutations have on the physiological function that
KASH-less isoforms of nesprin1 may perform in the cerebellum.
Because nesprins contain multiple spectrin repeats and recombinant KASH-less nesprin1 isoforms localize to the nuclear matrix
and cytoplasm of transfected cells,42 a structural role for KASHless isoforms in the cerebellum may be envisioned. For these reasons, whereas we have now learned a lot about the physiological
function of nesprin1 in the context of LINC complexes, more
studies are needed to understand the role of KASH-less isoforms
of nesprin1 in CNS tissues. Using both RT-PCR and 3'RACEPCR, we were unable to identify any transcript that may encode
a KASH-less isoform of nesprin2 in the retina even though such
isoforms have readily been detected through either alternative
splicing of exons 111/112 or alternative polyadenylation in other
tissues or cells.42 We only found that exon114 was missing from
all nesprin2 amplicons, an event that does not alter nesprin2
transcripts reading frames.
In summary, our results indicate that in RPCs, LINC complexes are mostly composed of B-type lamins, Sun1, and nesprin2
where Sun1 may be represented by different isoforms harboring
distinct nucleoplasmic regions and nesprin2 by high molecular
weight isoforms that are downregulated as retinogenesis proceeds. By contrast, the composition of LINC complexes varies
in a cell type-specific manner within postmitotic retinal cells.
Purified retinal neuroblasts should further pinpoint the identity
of Sun1 and nesprin2 isoforms. Because Sun1 and nesprin2 gene
products are involved in IKNM in mouse retina,14 future studies
aimed at the identification Sun1 and nesprin2 isoforms expressed
in RPC is likely to provide novel insights in mechanistic aspects
underlying IKNM.
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